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METHOD AND ASSOCIATED SYSTEM FOR
SETTING DOWNHOLE CONTROL
PRESSURE

BACKGROUND

The present invention relates generally to procedures and
equipment utilized in conjunction with subterranean well
operations and, in an embodiment described herein, more
particularly provides a method and associated system for
setting downhole control pressure.

Various hydraulically controlled downhole tools are pres-
ently used in subterranean wells. A majority of these tools are
flow control devices, such as valves and chokes, although
other types of tools are also available which are hydraulically
controlled. Pressure may be applied to the tools via one or
more control lines which extend between the tool and a pres-
sure source, such as a pump at the earth’s surface.

Some of these well tools perform different functions or
operate in different manners based on certain pressure levels
applied to the tools, sequences of pressures at certain levels
applied to the tools, or combinations of certain pressure levels
in multiple lines connected to the tools, etc. In order to reli-
ably operate the tools, an operator should accurately know
what pressure is applied to the tool downhole. Note that an
“application” of pressure can be an increase in pressure or a
decrease in pressure as desired or as required by a particular
control system.

Examples of hydraulically controlled well tools and meth-
ods of controlling operation of such tools are described in
U.S. Pat. Nos. 6,470,970, 6,567,013 and 6,575,237. The dis-
closures of these prior patents are incorporated herein by this
reference.

Unfortunately, in the typical case the control line is very
long and has a relatively small flow area, and so there is
significant resistance to transmission of pressure through the
line. This means that pressure in the line measured at the
surface is not necessarily the same as pressure in the line at the
downhole well tool (even when corrected for hydrostatic
pressure due to the fluid in the line). Instead, there is a sig-
nificant time lag between application of a pressure to the line
at the surface and a corresponding change in pressure in the
line at the well tool.

Eventually, the pressure at the well tool will reach the
pressure applied to the line at the surface (plus hydrostatic
pressure in the line). However, it will take a very long time
since the pressure at the well tool approaches the pressure
applied to the line at the surface asymptotically.

Yet another complicating factor is that each well installa-
tion is different. The control line may be a different size or
length, the fluid used in the line may be different, a tempera-
ture profile of the well may vary (which affects compressibil-
ity of the fluid in the line), air or other gases can be entrained
in the fluid in the line, etc.

One solution to these problems is to install a pressure
sensor at the well tool to directly measure the pressures
applied to the tool. This does not solve the problem of the time
lag between changing pressure at the surface and experienc-
ing the changing pressure at the well tool, but at least the
changed pressure can be measured at the well tool to deter-
mine whether a desired control pressure has been achieved.

Unfortunately, the use of a pressure sensor at the well tool
brings with it another set of problems. For example, there is
the expense and time required to install the pressure sensor.
Provisions must be made for communicating with the sensor,
such as via wireless telemetry, electrical or fiber optic lines,
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etc. The sensor and the communication system are subject to
damage during installation and will likely need to be serviced
periodically.

Therefore, it may be seen that a need exists for improved
methods of setting downhole control pressures.

SUMMARY

In carrying out the principles of the present invention, a
system and associated methods are provided which solve at
least one problem in the art. One example is described below
in which a pressure control system is calibrated by determin-
ing a mathematical relationship between an overshoot pres-
sure applied to one end a control line and a settled pressure in
the control line. Another example is described below in which
awell tool is operated by applying an overshoot pressure to a
control line beyond a desired pressure for operating the well
tool.

In one aspect of the invention, a method of setting a down-
hole control pressure is provided. The method includes the
steps of: installing a pressure control system at a well, the
pressure control system including a pressure source; connect-
ing a proximal end of a line to the pressure source and a distal
end of the line to a well tool; and calibrating the system by
applying an overshoot pressure to the proximal end of the line
from the pressure source, then sensing a settled pressure in the
proximal end of the line resulting from the first overshoot
pressure, and determining a mathematical relationship
between the overshoot pressure and the settled pressure.

In another aspect of the invention, a method of controlling
operation of'a downhole well tool includes the steps of: apply-
ing an overshoot pressure from a pressure source to a proxi-
mal end of a control line, the overshoot pressure being beyond
a desired predetermined settled pressure which is required for
operation of the well tool at a distal end of the control line; and
then isolating the pressure source from the proximal end of
the control line, thereby permitting pressure in the distal end
of'the line to achieve the desired settled pressure in response.

In yet another aspect of the invention, a system for setting
adownbhole control pressure is provided. The system includes
a pressure source, a pressure limiter and an interface for
applying pressure to a proximal end of a control line. A well
tool is connected to a distal end of the control line. The well
tool is operated in response to a predetermined settled pres-
sure achieved at the distal end of the control line. The prede-
termined settled pressure is achieved in response to an over-
shoot pressure being applied to the proximal end of the
control line from the pressure source and the pressure limiter
limiting application of pressure from the pressure source to
the proximal end of the control line to the overshoot pressure.

These and other features, advantages, benefits and objects
of'the present invention will become apparent to one of ordi-
nary skill in the art upon careful consideration of the detailed
description of a representative embodiment of the invention
hereinbelow and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic partially cross-sectional view of a
method and associated system embodying principles of the
present invention; and
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FIG. 2 is a representative graph of pressure at proximal and
distal ends of a control line versus time in the method and
system of FIG. 1.

DETAILED DESCRIPTION

Representatively illustrated in FIG. 1 is a system 10 which
embodies principles of the present invention. In the following
description of the system 10 and other apparatus and methods
described herein, directional terms, such as “above”,
“below”, “upper”, “lower”, etc., are used for convenience in
referring to the accompanying drawings. Additionally, it is to
be understood that the various embodiments of the present
invention described herein may be utilized in various orien-
tations, such as inclined, inverted, horizontal, vertical, etc.,
and in various configurations, without departing from the
principles of the present invention. The embodiments are
described merely as examples of useful applications of the
principles of the invention, which is not limited to any specific
details of these embodiments.

As depicted in FIG. 1, a tubular string 12 has been installed
in a wellbore 14. A well tool 16 is interconnected in the
tubular string 12. The well tool 16 includes a flow control
device 18 (such as a valve, choke, etc.) and a control module
20.

The control module 20 controls operation of the flow con-
trol device 18 in response to pressure levels, sequences of
pressures, combinations of pressures, etc. in one or more
control lines 22. For clarity and simplicity in describing the
system 10 below, it will be assumed that only a single control
line 22 is used, but any number of control lines may be used
in keeping with the principles of the invention.

Furthermore, although the system 10 is described herein as
being used to control operation of the well tool 16 which
includes the flow control device 18, it should be clearly under-
stood that this is merely an example of a wide variety of well
tools which may be used. For example, the well tool 16 could
include a packer, chemical injection device, well testing tool,
steam injection control, or any other type of downhole tool or
device.

As another example, the control module 20 could be used
to select from among multiple devices 18 which device(s) is
to be operated and/or in what manner the selected device(s)
should be operated. Thus, the control module 20 can perform
a device selection function as well as a device operating
function in the system 10. However, for simplification in the
following description, it will be assumed that only the single
device 18 is controlled using the control module 20, and so in
this case no device selection function is performed by the
control module.

In the example depicted in FIG. 1, the flow control device
18 is used to regulate flow into the tubular string 12. The flow
is increased or decreased in response to pressure being
applied to the control module 20 via the control line 22.

Preferably, the flow control device 18 is operated using a
diaphragm or small pilot operated valves (not shown), so that
the volume connected to the distal end 28 of the line 22 does
not change significantly as the device is operated. However,
the system 10 can be designed to accommodate significant
volume changes if desired (such as to displace a sleeve of a
sliding sleeve valve using the fluid in the line 22, etc.).

Pressure is applied to the control line 22 by a pressure
control system 24 positioned at a location remote from the
well tool 16. For example, the pressure control system 24
could be positioned at the earth’s surface (including on a well
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platform, a floating rig, at a subsea wellhead or mudline, etc.)
and the well tool 16 could be installed thousands of feet
downhole.

As discussed above, pressure applied by the pressure con-
trol system 24 to a proximal end 26 of the control line 22 does
not usually result in the same pressure being immediately
applied to a distal end 28 of the control line. However, proper
operation of certain well tools 16 requires that certain pres-
sure levels be applied to the control module 20.

The pressure control system 24 preferably includes a pres-
sure source 28, a pressure limiter 30, a pressure sensor 32 and
an operator interface 34. The pressure source 28 could be a
source of reduced pressure (such as a dump chamber or vent,
etc.) or a source of elevated pressure (such as a pump, accu-
mulator or pressurized gas chamber, etc., or any combination
of these).

The pressure limiter 30 is used to limit the pressure applied
from the pressure source 28 to the proximal end 26 of the line
22. The pressure limiter 30 could be a valve which is closed to
cease application of pressure from the pressure source 28.
Alternatively, the pressure limiter 30 could be a pressure
regulator which permits application of pressure from the
pressure source 28 until a predetermined pressure has been
applied to the proximal end 26 of the line 22.

If the pressure source 28 is a positive displacement pump,
then the pressure limiter 30 could be a check valve of the
pump which prevents flow from the proximal end 26 of the
control line 22 to the pump. The pressure limiter 30 could
include a pressure switch which closes a valve or ceases
operation of a pump, etc. when a desired overshoot pressure
has been applied to the proximal end 26 of the line 22. Thus,
it should be clearly understood that any means of limiting
pressure applied from the pressure source 28 to the proximal
end 26 of the line 22 may be used in keeping with the prin-
ciples of the invention.

The pressure sensor 32 is used to detect and monitor pres-
sure in the proximal end 26 of the line 22. Note that the sensor
32, limiter 30 and pressure source 28, or any combination of
these, could be integrated into a single element or package for
convenience of installation.

The interface 34 is preferably a computerized control
device which is connected to each of the pressure source 28,
limiter 30 and sensor 32. Alternatively, one or more of these
could be separately operated, for example, the pressure
source 28 could be a pump which is turned on manually and
allowed to pump continuously during the operation.

The interface 34 preferably includes at least three modes of
operation. In a manual mode of operation, the interface 34
permits an operator to manually control various elements of
the system 24, such as to open or close the limiter 30 or
operate the pressure source 28, etc. In a calibration mode of
operation, described more fully below, the interface 34 pref-
erably executes a series of preprogrammed instructions in
which the system 10 is characterized in a manner which
permits a mathematical relationship between pressure
applied to the proximal end 26 of the line 22 and pressure
applied to the distal end 28 of the line to be determined. In a
well tool control mode of operation, the interface 34 permits
an operator to specify what pressure(s) are to be applied to the
welltool 16 at the distal end 28 of the line 22, and the interface
automatically operates the pressure source 28 and limiter 30,
and monitors the sensor 32, using the information obtained in
the calibration mode, so that an appropriate pressure is
applied to the proximal end 26 of the line.

Of course, any operations which are described as being
performed automatically could instead be performed manu-
ally, and vice versa. Furthermore, more or less or different
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combinations of operations could be performed using the
interface 34 in keeping with the principles of the invention.

In FIG. 1 the pressure control system 24 is depicted as
being connected to the proximal end 26 of the line 22 via a
wellhead 36 at the earth’s surface. Many other configurations
are possible, for example, the pressure control system 24, or
any portion thereof, could be located on an offshore platform
or floating rig, at a subsea wellhead, or at any other location.
The interface 34 could be located remote from any of the
pressure source 28, limiter 30 or sensor 32.

Referring additionally now to FIG. 2, a graph of pressure
38 at the proximal end 26 of the line 22 and pressure 40 at the
distal end 28 of the line versus time is representatively illus-
trated. The pressure 38 would be detected by the sensor 32 of
the pressure control system 24.

Also shown in FIG. 2 is a dashed line 42 indicating opera-
tion of the pressure limiter 30. For the purpose of this descrip-
tion, it will be assumed that the pressure limiter 30 is a valve
which is closed when the line 42 is at zero on the ordinate
scale (preventing application of pressure from the pressure
source 28 to the line 22), and the valve is open when the line
42 is above zero on the ordinate scale (permitting application
of pressure from the pressure source to the line).

Initially, the limiter 30 is closed as indicated at 42a. Pres-
sure on the proximal end 26 of the line 22 is zero (e.g.,
atmospheric pressure) as indicated at 38a. Pressure on the
distal end 28 of the line 22 is somewhat greater than zero (e.g.,
due to hydrostatic pressure) as indicated at 40a.

To calibrate the system 10, the limiter 30 is opened to
thereby apply pressure from the pressure source 28 to the
proximal end 26 of the line 22 as indicated at 425. Pressure
increases relatively quickly in the proximal end 26 of the line
22 as indicated at 385. Variations in the pressure at the proxi-
mal end 26 of the line 22 indicated at 385 are due to pressure
pulses from the pressure source 28 in the case where the
pressure source is a reciprocating or positive displacement
pump. Other types of pressure sources may not produce such
pressure variations.

Eventually, a certain calibration overshoot pressure is
achieved at the proximal end 26 of the line 22 as indicated at
38c¢. As used herein, the term “overshoot pressure” is used to
indicate a pressure applied at one portion of a line which is
beyond (i.e., greater than in the case of increased pressure and
less than in the case of reduced pressure) a desired pressure
which results therefrom at a remote portion of the line.

In the pressure control system 24, the interface 34 prefer-
ably controls operation of at least the limiter 30 and monitors
the sensor 32 so that when the sensor indicates that the cali-
bration overshoot pressure 38¢ has been achieved, the limiter
is automatically closed. Alternatively, or in addition, the pres-
sure control system 24 could control operation of the pressure
source 28 so that additional application of pressure to the line
22 is ceased (such as by turning off a pump, etc.) when the
overshoot pressure 38¢ is achieved.

As the pressure at the proximal end 26 is transmitted
through the line 22 after the overshoot pressure 38c¢ is
achieved, the pressure at the proximal end of the line gradu-
ally decreases as indicated at 384. Note that the reduction in
pressure at the proximal end 26 of the line 22 as indicated at
384 is in the form of a mathematical function known to those
skilled in the art as an exponential decay.

It is instructive to note how the pressure at the distal end 28
of the line 22 responds to the application of pressure at the
proximal end 26 of'the line. After the limiter 30 is opened and
pressure in the proximal end 26 of the line 22 begins to
increase, pressure at the distal end 28 of the line also begins to
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increase. However, pressure at the distal end 28 of the line 22
increases at a much slower rate as indicated at 405.

Pressure at the distal end 28 of the line 22 continues to
increase (as indicated at 40c¢) after the limiter 30 is closed (as
indicated at 42¢). Note that pressure at the distal end 28 of the
line 22 continues to increase as pressure at the proximal end
26 of the line 22 decreases (as indicated at 384).

Eventually, the pressures at the proximal and distal ends
26, 28 of the line 22 will substantially equalize (corrected for
hydrostatic pressure in the line 22) as indicated at 38¢ and
40d4. This equalized pressure is termed the calibration
“settled” pressure, since it is the steady state pressure in the
line 22 which results after the overshoot pressure 38¢ is
applied to the proximal end 26 of the line.

As part of the calibration mode of the interface 34, a math-
ematical relationship between the overshoot pressure 38¢ and
the settled pressure 38e is determined. For example, if it is
assumed that the pressure in the proximal end 26 ofthe line 22
will experience an exponential decay between the overshoot
pressure 38¢ and the settled pressure 38e, then the pressure
curve 384 could be described by a function such as:

P=(c-b)e“+b (1)
where P is the pressure in the proximal end 26 of the line 22,
t is time, b is the settled pressure 38e, c is the overshoot
pressure 38¢ and a is a constant dependent on the character-
istics of the system 10.

Curve fitting techniques of the type known to those skilled
in the art may be used to determine the values of the terms a,
b and ¢ so that the function closely approximates the pressure
curve 384 between the overshoot pressure 38¢ and the settled
pressure 38e. Using this information, in the well tool control
mode of the interface 34, an operator can input the desired
settled pressure (represented by the term b in equation 1) to
the interface, and the required overshoot pressure (repre-
sented by the term ¢ in equation 1) needed to achieve that
settled pressure can be calculated by the interface. Then, the
interface 34 preferably automatically operates the pressure
source 28 and limiter 30, and monitors the sensor 32, so that
the calculated overshoot pressure is applied to the proximal
end 26 of the line 22.

Thus, once the system 10 is calibrated as described above,
pressures can be accurately applied to the distal end 28 of the
line 22 by applying corresponding calculated overshoot pres-
sures to the proximal end 26 of the line.

The accuracy of the calibration mode of the interface 34
may be enhanced by applying multiple calibration overshoot
pressures and observing multiple resulting calibration settled
pressures. In FIG. 2, a second overshoot pressure as indicated
at 38/ is applied to the proximal end 26 of the line 22 by
opening (as indicated at 42d) and then closing (as indicated at
42¢) the limiter 30. The pressure at the proximal end 26 of the
line 22 gradually declines (as indicated at 38¢) until a settled
pressure is reached (as indicated at 38%). In response to this
application of the overshoot pressure 38, the pressure at the
distal end 28 of the line 22 gradually increases to the settled
pressure (as indicated at 40¢).

Alternatively, multiple observations may be used to char-
acterize the system 10 based on the values of the overshoot
38¢, 38f and settled pressures 38¢, 38%. Linear interpolation
may then be used to calculate what overshoot pressure should
be applied to the proximal end 26 of the line 22 to produce a
desired different settled pressure at the distal end 28 of the
line.

Additional overshoot pressures (greater than two) could be
used in the calibration mode of the interface 34 to provide an
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even more accurate characterization of the system 10. If addi-
tional overshoot pressures are used, then a piecewise linear
approximation of the relationship between the overshoot and
settled pressures could be produced for use in the well tool
control mode of the interface 34.

Although in the description of the calibration mode of the
interface 34 above an exponential delay is used to character-
ize the system 10 and as a basis for the mathematical rela-
tionship between the overshoot and settled pressures, it
should be clearly understood that this is only one example of
a wide variety of mathematical relationships which could be
used. Furthermore, methods other than curve fitting could be
used to determine the relationship between the overshoot and
settled pressures. For example, neural networks, genetic algo-
rithms, fuzzy logic, other types of artificial intelligence sys-
tems, regression analysis, etc. could be used instead, or in
addition.

It may now be readily appreciated that the system 10 pro-
vides a convenient, efficient and accurate way to apply
desired pressures to the well tool 16 to thereby control opera-
tion of the well tool. This result is accomplished without the
need for installing a sensor to directly detect pressure at the
distal end 28 of the line 22 (although such a sensor could be
used if desired). In addition, the system 10 allows the desired
settled pressure to be achieved quickly in response to appli-
cation of the overshoot pressure.

It will also be appreciated that in the case where a desired
pressure is to be applied to a well tool by decreasing a pres-
sure on the well tool (i.e., reducing pressure on the well tool
from a higher pressure to a lower desired pressure setpoint),
the pressure source 28 could be a source of reduced pressure
(such as a dump chamber, vent, etc.) and a pump may not be
required to apply pressure to the line 22. In this situation, the
interface 34 would be used to determine what overshoot pres-
sure less than the desired settled pressure should be applied to
the proximal end 26 of the line 22 to produce the desired
pressure at the well tool.

Of course, a person skilled in the art would, upon a careful
consideration of the above description of representative
embodiments of the invention, readily appreciate that many
modifications, additions, substitutions, deletions, and other
changes may be made to the specific embodiments, and such
changes are contemplated by the principles of the present
invention. Accordingly, the foregoing detailed description is
to be clearly understood as being given by way of illustration
and example only, the spirit and scope of the present invention
being limited solely by the appended claims and their equiva-
lents.

What is claimed is:

1. A method of setting a downhole control pressure, the
method comprising the steps of:

installing a pressure control system at a well, the pressure

control system including a pressure source;
connecting a proximal end of a line to the pressure control
system and a distal end of the line to a well tool; and

calibrating the system by applying a first overshoot pres-
sure to the proximal end of the line from the pressure
source, then sensing a first settled pressure in the proxi-
mal end of the line resulting from the first overshoot
pressure, and determining a first mathematical relation-
ship between the first overshoot pressure and the first
settled pressure.

2. The method of claim 1, wherein the calibrating step
further comprises applying a second overshoot pressure to the
proximal end of the line from the pressure source, then sens-
ing a second settled pressure in the proximal end of the line
resulting from the second overshoot pressure, and determin-
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ing a second mathematical relationship between the second
overshoot pressure and the second settled pressure.

3. The method of claim 2, wherein the calibrating step
further comprises linearly interpolating based on the first and
second mathematical relationships.

4. The method of claim 1, wherein the determining step
further comprises representing the first mathematical rela-
tionship as an exponential decay function and determining
values for terms of the function.

5. The method of claim 1, wherein the determining step
further comprises determining the first mathematical rela-
tionship using an artificial intelligence system.

6. The method of claim 1, further comprising the step of
calculating a second overshoot pressure using at least the first
mathematical relationship which second overshoot pressure
will result in a desired predetermined second settled pressure
being achieved at the distal end of the control line.

7. The method of claim 6, further comprising the step of
applying the second overshoot pressure to the proximal end of
the control line.

8. A method of controlling operation of a downhole well
tool, the method comprising the steps of:

applying an overshoot pressure from a pressure source to a

proximal end of a control line, the overshoot pressure
being beyond a desired predetermined settled pressure
which is required for operation of the well tool at a distal
end of the control line; and

then isolating the pressure source from the proximal end of

the control line, thereby permitting pressure in the distal
end of the line to achieve the desired settled pressure in
response.

9. The method of claim 8, wherein the isolating step further
comprises permitting pressure in the proximal end of the
control line to achieve the desired settled pressure in response
to isolating the pressure source from the proximal end of the
control line.

10. The method of claim 8, wherein the applying step
further comprises increasing pressure in the proximal end of
the control line.

11. The method of claim 8, wherein the applying step
further comprises decreasing pressure in the proximal end of
the control line.

12. The method of claim 8, further comprising the step of
determining a mathematical relationship between the over-
shoot pressure and the desired settled pressure prior to the
applying step.

13. The method of claim 12, further comprising the step of
calibrating a pressure control system by applying at least one
calibration overshoot pressure to the proximal end of the
control line and sensing a calibration settled pressure at the
proximal end of the control line.

14. The method of claim 13, wherein the mathematical
relationship determining step further comprises using the
calibration overshoot pressure and the calibration settled
pressure in curve fitting to an exponential decay function.

15. The method of claim 13, wherein the mathematical
relationship determining step further comprises using the
calibration overshoot pressure and the calibration settled
pressure in an artificial intelligence system.

16. A system for setting a downhole control pressure, the
system comprising:

a pressure source, a pressure limiter and an interface for

applying pressure to a proximal end of a control line; and

a well tool connected to a distal end of the control line, the

well tool being operated in response to a predetermined
settled pressure achieved at the distal end of the control
line, the predetermined settled pressure being achieved
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in response to an overshoot pressure being applied to the
proximal end ofthe control line from the pressure source
and the pressure limiter ceasing application of pressure
from the pressure source to the proximal end of the
control line when the overshoot pressure is achieved.

17. The system of claim 16, wherein the interface controls
operation of the pressure limiter so that the pressure limiter is
automatically operated to limit application of pressure from
the pressure source to the proximal end of the control line to
the overshoot pressure.

18. The system of claim 16, wherein the pressure limiter
isolates the pressure source from the proximal end of the
control line when the overshoot pressure has been applied to
the proximal end of the control line.
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19. The system of claim 16, wherein the interface has a
calibration mode in which a mathematical relationship
between the overshoot pressure and the settled pressure is
determined.

20. The system of claim 16, wherein the overshoot pressure
is beyond the settled pressure, so that when the pressure
limiter limits application of pressure from the pressure source
to the proximal end of the control line, gradual transmission
of pressure from the proximal end to the distal end of the
control line results in the settled pressure being achieved at
the distal end of the control line.
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